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Abstract
We study the pattern of gluino cascade decays in a class of supersymmetric
models where R-parity is spontaneously broken. We give a detailed discus-
sion of the R-parity violating decays of the lightest neutralino, the second
lightest neutralino and the lightest chargino. The multi-lepton and same-
sign dilepton signal rates expected in these models are compared with those
predicted in the Minimal Supersymmetric Standard Model. We show that
these rates can be substantially enhanced in broken R-parity models.
1 Introduction
The search for supersymmetry (SUSY) will play an important roˆle in the experimental
program of LHC which will explore the mass range of supersymmetric particles up to
TeV energies [1]. Due to the high production cross section of gluinos and squarks at
hadron colliders, their signals are expected to be well above the Standard Model (SM)
background.
Up to now most studies of gluino production and decays [1, 2] have been carried
out within the framework of the Minimal Supersymmetric Standard Model (MSSM)
[3]. In the MSSM R-parity is conserved implying that the lightest supersymmetric
particle (LSP) is stable, giving rise to the missing energy (ET/ ) signal. There are already
some studies where the effects of R-parity breaking have been explored [4]. However,
most of them are in the context of models with explicit breaking of R-parity.
Although the MSSM is by far the most well studied realization of supersymmetry,
there is considerable theoretical as well as phenomenological interest in studying the
implications of alternative scenarios without R-parity conservation [5]. The violation
of R-parity could arise explicitly [6] as a residual effect of some larger unified theory
[7], or spontaneously, through nonzero vacuum expectation values (VEV’s) for scalar
neutrinos [8]. In the first case there is a large number of unknown parameters char-
acterizing the superpotential of these models. For simplicity these effects are usually
studied assuming that there is only one dominant term which breaks R-parity explic-
itly. In contrast, models with spontaneous R-parity breaking [9, 10, 11, 12] depend
on much fewer parameters, which allow a more systematic study of R-parity breaking
signals. Moreover, in these models the scale of R-parity violation is expected to lie in
the TeV range [9]. This leads to effects that can be large enough to be experimen-
tally observable, for a wide range of parameter choices consistent with observations,
including astrophysics and cosmology [5, 11, 13].
There are two generic cases of spontaneous R-parity breaking models. If lepton
number is part of the gauge symmetry there is a new gauge boson Z ′ which gets
mass via the Higgs mechanism [12]. In this model the lightest SUSY particle (LSP)
is in general a neutralino which decays mostly into visible states, therefore breaking
R-parity. The main decay modes are decays such as
χ˜01 → Z(∗)ν → f f¯ν, (1)
where the Z-boson can be either virtual or real and f denotes a charged fermion. Its
invisible decay modes are in the channels χ˜01 → 3ν. Alternatively, if spontaneous R-
parity violation occurs in the absence of any additional gauge symmetry, it leads to the
existence of a physical massless Nambu-Goldstone boson, called majoron (J). In this
case the lightest SUSY particle is the majoron which is massless and therefore stable
1. As a consequence the lightest neutralino χ˜01 may decay invisibly as
χ˜01 → ν + J. (2)
This decay conserves R-parity since the majoron has a large R-odd singlet sneutrino
component [9, 10].
We also consider a specific class of models with explicit R-parity breaking char-
acterized by a single bilinear superpotential term of the type ℓHu [15]. These models
mimic in many respects the features of models with spontaneous breaking of R-parity
containing an additional gauge boson. Since they do not contain the majoron, the
lightest neutralino has only decays into Standard Model fermions. In the following the
class of models containing a majoron will be denoted by the majoron-model, whereas
the models without a majoron will be denoted generically by the ǫ-model [15].
Although in these broken R-parity models supersymmetric particles may be pro-
duced singly (see ref. [16]), it is most likely that gluinos at the LHC will be produced
in pairs, and that R-parity violation will affect only the structure of their cascade de-
cays. The most obvious modification of these cascade decays with respect to the one
expected in the MSSM comes from the fact that the lightest neutralino now can decay.
In this paper we concentrate on cascade decays of the gluino assuming that it is
lighter than the squarks. We pay special attention to the impact of R-parity violation
in the the multi-lepton (ML) signals and the same-sign dilepton (SSD) signals.The
gluino has the following R-parity conserving decays:
g˜ → qq¯χ˜0i ; qq¯′χ˜±j ; gχ˜0i (3)
where χ˜0i denotes the neutralinos and χ˜
±
j the charginos. In eq. (3) we also include
the decays into top quarks, which give important contributions to the ML and SSD
signals. If R-parity is violated spontaneously one has in principle also the decay modes
g˜ → q+ q¯′+ l, q+ q¯+νl. We have neglected these decays in the following because their
branching ratios are expected to be much smaller.
In order to characterize the complicated pattern of gluino cascade decays in bro-
ken R-parity models, we will first discuss the decays of the gluinos into charginos
and neutralinos (Section 2). Then we will discuss the decay pattern of the lightest
neutralino, the second lightest neutralino and the lightest chargino, paying particular
1The majoron may have a small mass due to explicit breaking effects at the Planck scale. In this
case it may decay into neutrinos and photons. However, the time scales are only of cosmological
interest and do not change the signal expected in laboratory experiments [14].
attention to R-parity violating decays (Section 4). We calculate the rates for the 3-,
4-, 5- and 6-lepton signals and the same-sign dilepton signal in the two classes of bro-
ken R-parity models described above and compare them with the corresponding rates
predicted in the MSSM (Section 5).
2 Gluino decays into charginos and neutralinos
At pp¯ and pp colliders gluinos are produced through gg and qq¯ fusion [17]. Here we
will assume that squarks are heavier than gluinos, so that pair production of gluinos
dominates. As an example we will consider a gluino with a mass of 500 GeV. At the
LHC with a centre of mass energy of 14 TeV the production cross section will be ∼ 25
pb, which corresponds to 2.5 million gluino-pairs per year for an integrated luminosity
of 105pb−1.
As the multi-lepton signal is the result of a complicated decay chain, one has
to calculate the branching ratio of each step in the gluino cascade decays. For the
computation of the decays in eq. (3) we have used the formulae given in [18]. As
these formulae have been developed in the framework of the MSSM, one has to make
appropriate replacements as given in Appendix A in order to be consistent with the
models described in the next section.
We will consider a low tan β scenario (tanβ = 2) and a high tanβ scenario
(tanβ = 30). These choices are theoretically motivated by renormalization group
studies in some unified supergravity models [19]. Moreover we will vary µ between
−1000 GeV and 1000 GeV. In Fig. 1 we show the gluino decay branching ratios.
We have summed over all quark flavours and included the contribution coming from
the decay into a gluon and a neutralino. As already mentioned, the R-parity violating
decays of the gluino can be neglected. Because of kinematics (the masses of the heavier
neutralinos χ˜03 and χ˜
0
4 and the heavier chargino χ˜
−
2 is of order µ if |µ| > M2) for
|µ| > mg˜/2 we have only decays into the lightest chargino χ˜−1 (∼ 50%) and the two
lightest neutralinos χ˜01 (∼ 20%) and χ˜02 (∼ 30%). For |µ| < mg˜/2 the decay into the
heavier chargino becomes important ( >∼ 25%).
The charginos and neutralinos arising from gluino decays will subsequently decay
as discussed above, leading to the various multi-lepton signals we will discuss in Sec-
tion 5. Another important source of leptons are the top quarks produced in g˜ → tbχ˜±j
with the top quark decaying into a W -boson. The branching ratio of this decay is at
least 5%.
For the case tanβ = 30 there are some changes in the area |µ| < mg˜/2 compared
to the case tanβ = 2. Because of larger bottom Yukawa couplings the decays g˜ → bb¯χ˜0i
are enhanced. However, for the multi-lepton signal these changes are only important
for a parameter region which is already excluded by experimental data. For further
details about gluino decays see ref. [18].
3 Lepton-Gaugino-Higgsino Mixing
The basic tools in our subsequent discussion are the chargino and neutralino mass
matrices. The chargino mass matrix may be written as [9]
e+j H˜
+
u −iW˜+
ei heijvd −hνijvRj
√
2g2vLi
H˜−d −heijvLi µ
√
2g2vd
−iW˜− 0 √2g2vu M2
(4)
Its diagonalization requires two unitary matrices U and V
χ+i = Vijψ
+
j (5)
χ−i = Uijψ
−
j , (6)
where the indices i and j run from 1 to 5 and ψ+j = (e
+
1 , e
+
2 , e
+
3 , H˜
+
u ,−iW˜+) and
ψ−j = (e
−
1 , e
−
2 , e
−
3 , H˜
−
d ,−iW˜−).
The details of the neutralino mass matrix are rather model dependent. However,
for our purposes it will be sufficient to use the following effective form given in [9]
νi H˜u H˜d −iW˜3 −iB˜
νi 0 hνijvRj 0 g2vLi −g1vLi
H˜u hνijvRj 0 −µ −g2vu g1vu
H˜d 0 −µ 0 g2vd −g1vd
−iW˜3 g2vLi −g2vu g2vd M2 0
−iB˜ −g1vLi g1vu −g1vd 0 M1
(7)
This matrix is diagonalised by a 7× 7 unitary matrix N,
χ0i = Nijψ
0
j , (8)
where ψ0j = (νi, H˜u, H˜d,−iW˜3,−iB˜), with νi denoting the three weak-eigenstate neu-
trinos.
In the above equations vR is the VEV of the right sneutrino mostly responsible
for the spontaneous violation of R-parity 2. The VEV’s vu and vd are the usual ones
2There is also a small seed of R-parity breaking in the doublet sector, vL = 〈ν˜Lτ 〉, whose magnitude
is related to the Yukawa coupling hν . Since this vanishes as hν → 0, we can naturally obey the limits
from stellar energy loss [20]
responsible for the breaking of the electroweak symmetry and the generation of fermion
masses, with the combination v2 = v2u + v
2
d fixed by the W,Z masses. Moreover,
M1,2 denote the supersymmetry breaking gaugino mass parameters and g1,2 are the
SU(2) ⊗ U(1) gauge couplings divided by √2. In the following we assume the GUT
relation 3
5
M1/M2 = tan
2 θW . Note that the effective Higgsino mixing parameter µ may
be given in some models as µ = h0 〈Φ〉, where 〈Φ〉 is the VEV of an appropriate singlet
scalar. In the ǫ-model the term hνvR in eq. (4) and (7) is replaced by a mass parameter
ǫ [15].
There are restrictions on these parameters that follow from searches for SUSY
particles at LEP [21, 22] and at TEVATRON [25]. In addition, we take into account
the constraints from neutrino physics and weak interactions phenomenology [16], which
are more characteristic of R-parity breaking models. These are important, as they
exclude many parameter choices that are otherwise allowed by the constraints from
the collider data, while the converse is not true. Due to these constraints R-parity
violation effects manifest themselves mainly in the third generation. We therefore
assume vL1 = vL2 = vR1 = vR2 = 0.
Most of our subsequent analysis will be general enough to cover a wide class of
SU(2)⊗U(1) models with spontaneously broken R-parity, such as those of ref. [9, 10],
as well as models where the majoron is absent due to an enlarged gauge structure [12].
Many of the phenomenological features relevant for the LHC studies discussed here are
already present in the ǫ-model which effectively mimics the spontaneous violation of
R-parity through an explicit R-parity-breaking bilinear superpotential term ℓHu [15].
In the following we will need the mass eigenstates of (4) and (7). In order to
use the same notation as in the MSSM, l, νl denote the mass eigenstates for charged
leptons and neutrinos, χ˜0i (i=1,..,4) the mass eigenstates for neutralinos and χ˜
±
j (j=1,2)
the mass eigenstates for charginos.
4 Neutralino and Chargino Decays
In this section we shall discuss in detail the decays of charginos and neutralinos which
occur in the cascade decays of the gluino. The neutralinos have the following R-parity
conserving two-body decay modes:
χ˜0i → χ˜±j W∓ ; χ˜0kZ. (9)
One has in principle also decays into Higgs bosons, squarks and sleptons which we
neglect. Insofar as squarks and sleptons are concerned, we simply assume them to be
too heavy to be important. A notable exception for the case of the majoron model
considered in this paper is that of the majoron, which is a linear combination of the
SU(2)⊗U(1) singlet sneutrinos and is massless (or very light) because it is a Goldstone
boson. Indeed, in this case the decay χ˜±j → τ±+J can have a sizeable branching ratio.
We have taken into account the existence of such decays in the evaluation of the multi-
lepton (ML) and same-sign dilepton (SSD) rates presented in this paper. We have,
however, not studied the corresponding signals for the LHC, because they involve the
detection of taus in the final state. For the case of LEP2 these signals have been already
considered in the literature [23], although more work is needed [24].
Since R-parity is violated one has the additional decay modes:
χ˜0i → l±j W∓ ; νlZ (10)
In case these two-body decays into gauge bosons are kinematically forbidden the neu-
tralinos have the following three-body decay modes:
χ˜0i → χ˜0jf f¯ ; χ˜±j f ′f¯ ; νkf f¯ ; l±k f ′f¯ (11)
where f, f ′ = li, νi, di, ui. The first two decays conserve R-parity whereas the other
ones violate R-parity. In addition, in SU(2)⊗U(1) models with spontaneous R-parity
violation one has also the decay into a majoron J
χ˜0i → χ˜0jJ, νkJ. (12)
It is important to notice that the decays into a standard neutrino conserve R-parity,
since the majoron is mainly a right sneutrino, and thus R-odd.
Turning now to charginos, the lightest one has the following R-parity conserving
two-body decay:
χ˜+1 → χ˜0iW+ (13)
Again we assume that decays into scalars are kinematically forbidden. In addition it
has the following R-parity-violating decay modes:
χ˜+1 → νjW+ ; l+j Z (14)
In models with majoron the chargino can decay according to [11]
χ˜+1 → ljJ (15)
In case two-body decays into gauge bosons are kinematically forbidden, the
chargino decays as:
χ˜+1 → χ˜0jf ′f¯ ; νkf ′f¯ ; l+k f f¯ (16)
where the first decay conserves and the others break R-parity. The formulae for two-
and three-body decay widths relevant for our study are given in Appendix B.
As already mentioned in the previous section R-parity violating effects manifest
themselves mainly through the mixing of the third generation leptons with charginos
and neutralinos. In order to show typical examples of neutralino and chargino decays we
have fixed the following set of parameters: M2 = 170 GeV,mA = 500 GeV, hν33 = 0.01,
vR ≡ vR3 = 100 GeV and vL ≡ vL3 = 10−5 GeV. In the ǫ-model this corresponds to
ǫ = 1 GeV. As we already mentioned, we have considered tan β in both low and high
value scenarios, tan β = 2 and tan β = 30, as suggested by renormalization group
studies [19]. The µ parameter has been varied between −1000 GeV and 1000 GeV.
In contrast to the MSSM, in models where R-parity is broken the lightest neu-
tralino will decay. Let us first focus on the majoron-model. In Fig. 2 we show the
branching ratios for the lightest neutralino for tanβ = 2. The decay into the majoron
dominates for two reasons: first, the decay of the lightest neutralino into a neutrino and
a majoron is R-parity conserving, while the decays into W and Z bosons are R-parity
violating. Moreover, the decays into gauge-bosons are either phase space suppressed
two-body decays or three-body decays. Note that the decays into a majoron and a
neutrino and into three neutrinos are invisible decays thus leading to the same missing
transverse momentum signature characteristic of a stable neutralino in the MSSM. The
importance of the decays into the majoron increases for larger tanβ. We found that in
the case of tan β = 30 the decay into the majoron is practically 100 % in the parameter
range which will not be covered by LEP2.
Let us now turn to the ǫ-model. In Fig. 3a (b) we present the branching ratios
for the lightest neutralino for tanβ = 2 (30). We can see that for most µ values the W
channel dominates over Z channel. The reason for this behaviour is the fact that for
our parameter choices, very often the neutralino has charged-current two-body decays
and neutral current three-body decays. Another important fact is that the Z-boson
only couples to the Higgsino components of the neutralino which are rather small in
our case.
In the MSSM, the second lightest neutralino will mainly decay into a Z-boson
and the lightest neutralino due to kinematics. In Fig. 4 we show the branching ratios
for the second lightest neutralino for tanβ = 2 in the majoron-model. Notice that,
the νZ and τW decay modes are sizeable, even though they violate R-parity, since
they are kinematically favoured with respect to the R-parity conserving MSSM decay
mode χ˜01Z
∗ (the case where the second lightest neutralino is lighter than the W -boson
will be completely covered by LEP2, for our choice of parameters). On the other hand
the χ˜02 → Jντ channel, although R-parity conserving, is smaller since the underlying
Yukawa coupling is relatively small (10−2). This is in sharp contrast to the situation in
χ˜01 decay (Fig. 2) where the charged and neutral current induced decays are suppressed
by phase space. Note also that here we do not show the decay χ˜02 → χ˜−1 W , because
it is only important in a small range which will be covered by LEP2. For tanβ = 30
the R-parity breaking decays are negligible. For the case of the ǫ-model the R-parity
violating decays into gauge-bosons are again significant if tanβ is small, as can be seen
in Fig. 5 (again we do not show the decay χ˜02 → χ˜−1 W ). For tan β = 30 they become
negligible.
In the MSSM the lightest chargino decays mainly into the lightest neutralino
and a W -boson, since the decays into the second lightest neutralino are suppressed by
phase space. In Fig. 6a (b) we show the branching ratios in the majoron-model of the
lightest chargino as a function of µ for M2 = 170 GeV and tan β = 2(30). In contrast,
for the case of the ǫ-model all decays of the lightest chargino are induced by W and
Z boson exchange. For the ranges of M2 and µ considered in this paper, all of these
decays are two-body. As a result the R-parity violating decay branching ratios are all
negligible.
Although our discussion has been quite general, we have neglected, as already
mentioned, chargino and neutralino decays mediated by scalar particles, including
Higgs bosons. In this approximation, neutralinos and charginos produced by gluino
decays have only decays mediated byW or Z bosons, except for the two-body majoron
decays, characteristic of the spontaneous R-parity breaking models with the minimum
SU(2)⊗ U(1) gauge symmetry.
5 Multi-lepton and same-sign dilepton rates
In the following we calculate the multi-lepton (ML) and same-sign dilepton (SSD) rates
in gluino pair production for the MSSM, the majoron-model and the ǫ-model. We have
counted all leptons coming from charginos, neutralinos, t-quarks, W - and Z-bosons,
summing over electrons and muons. We again take mg˜ = 500 GeV, and all other
parameters as in Section 4.
Quite generally, the various ML rates in the R-parity violating models can be
different from those in the MSSM for two reasons: (i) The lightest neutralino χ˜01 can
decay leptonicaly as χ˜01 → Z(∗)ντ → l+l−ντ , χ˜01 → W (∗)τ → l+νlτ , leading to an
enhancement of the multi-lepton rates. (ii) The R-parity violating decays of the lightest
chargino χ˜∓1 and the second lightest neutralino χ˜
0
2 may reduce the leptonic signal,
χ˜02 → W (∗)τ , Jντ , χ˜−1 → Jτ . Depending on which of these two effects is dominant,
one has an overall enhancement or a reduction of the leptonic rates compared to those
expected in the MSSM. A summary of the effects of the most important R-parity
breaking decay modes is given in Table 1.
In Fig. 7 we show the branching ratios for the 3-, 4-, 5- and 6-lepton events for
tan β = 2. In comparison with the MSSM, the majoron-model exhibits the feature that
the overall rates for the ML signals are enhanced for µ < 0 and suppressed for µ > 0.
This is due to the fact that the R-parity violating decays of the lightest neutralino into
gauge bosons have a larger branching ratio for µ < 0 than for µ > 0, and that the
R-parity violating decays of the second lightest neutralino are larger for µ > 0 than for
µ < 0. Note that for µ < 0 the 5-lepton signal is much larger in the majoron-model
than in the MSSM, giving about 30 to 1200 events per year for a luminosity of 105pb−1.
The 6-lepton signal has a rate up to 5× 10−5 in the range −300 GeV< µ < −80 GeV
giving 125 events per year.
For the case of the ǫ-model the ML rates are enhanced compared to the MSSM and
the majoron-model for all µ. The reason is that the lightest neutralino always decays
into a gauge boson (either real or virtual) which further decays into leptons. This over-
compensates the reduction of leptons coming from the second lightest neutralino. In
this model the 3- and 4-lepton signals are enhanced by an order of magnitude compared
to the MSSM. The branching ratio for the 5-lepton signal is larger than 2× 10−4 and
the branching ratio for the 6-lepton signal goes up to 5× 10−4.
In Fig. 8 we show the ML signal rates for tanβ = 30. As one can see, for the 6-
lepton signal they are larger than for tanβ = 2. For |µ| > 200 GeV the majoron-model
and the MSSM give similar results because the lightest neutralino decays mainly invis-
ibly and the R-parity violating decays of the second lightest neutralino are somewhat
smaller than the conventional ones. In the ǫ-model again all ML signals are enhanced
compared to the MSSM. For example the 5-lepton rate is larger than 3× 10−4.
In Fig. 9 we show the SSD signal for tanβ = 2 and 30. In the case of tanβ = 2
the signal is enhanced in the majoron-model for µ <∼ −100 GeV or µ >∼ 200 GeV. This
is due to the fact that now at least one of the neutralinos has a sizeable branching
ratio into a W , leading to the enhancement of the signal (see Table 1). In the ǫ-model
the signal is larger by an order of magnitude except for |µ| <∼ 200 GeV. In the case of
tan β = 30 again the majoron-model and the MSSM give similar results whereas in the
ǫ-model the signal is one order of magnitude larger than in the MSSM.
6 Conclusions
We have studied the effects of R-parity violation in gluino cascade decays for two dif-
ferent classes of models, the majoron-model and the ǫ-model. We have calculated the
rates for the ML and SSD signals. These processes are interesting from the experimen-
tal point of view since for example, the 4-, 5-, 6-lepton signal are practically free of
background from Standard Model processes.
In order to understand the complex decay pattern a detailed analysis of the decays
of neutralinos and charginos has been performed. In particular, it has been shown that
not only the R-parity violating decays of the lightest neutralino, but also those of the
second lightest neutralino and the lightest chargino are important. Comparing the
majoron-model with the MSSM, the ML and SSD signals can increase or decrease
depending on the model parameters. Especially for small tanβ and negative µ the
MSSM and the majoron-model give different results. In the ǫ-model all signals are
enhanced by one order of magnitude for most of the parameter ranges considered.
The results found in this paper should encourage one to perform detailed Monte
Carlo simulations in order to take into account all the detector features relevant in an
experiment.
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decay mode ML signal SSD signal
χ˜01 → Z(∗)ντ + 0
χ˜01 →W (∗)τ + +
χ˜01 → Jντ 0 0
χ˜0i → Z(∗)ντ 0 0
χ˜0i →W (∗)τ - +
χ˜0i → Jντ - -
χ˜−1 →W (∗)ντ 0 0
χ˜−1 → Jτ - -
Table 1: Influence of the most important R-parity violating decays on the multi-lepton
and same-sign dilepton signals. As reference model we take the MSSM. For neutralino
decays one has to distinguish between the lightest neutralino and the heavier ones. We
therefore list first the decays of the lightest one and afterwards the decays of the heavy
ones (i=2,3,4). Here + (−) denotes an enhancement (suppression) of the signal with
respect to that expected in the MSSM, whereas 0 denotes that there is no difference
compared to the MSSM.
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Fig. 1: The branching ratios for g˜ →
χ˜0i+q+ q¯, χ˜
0
i+g and g˜ → χ˜±j +q+ q¯′ (summed
over all quark flavours) as a function of µ.
We have taken mg˜ = 500 GeV, mq˜i = 2mg˜,
tan β = 2, mt = 175 GeV and mb = 5 GeV.
The curves correspond to the following tran-
sitions: into χ˜01,◦ into χ˜02, △ into χ˜03, ♦ into
χ˜04, • into χ˜∓1 and into χ˜∓2 . The shaded area
will be covered by LEP2.
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Fig. 2: Branching ratios of the lightest neu-
tralino in the majoron-model. We have taken
M2 = 170 GeV, hν33 = 0.01, vR = 100 GeV,
vL = 10
−5 GeV and tanβ = 2. The curves
correspond to the following transitions: ◦
into ντZ, △ into ντJ and • into τW . The
shaded area will be covered by LEP2.
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Fig. 3: Branching ratios of the lightest neutralino in the ǫ-model. We have taken
M2 = 170 GeV, ǫ = 1 GeV, a) tan β = 2 and b) tanβ = 30. The curves correspond to
the following transitions: ◦ into ντZ and • into τW . The shaded area will be covered by
LEP2.
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Fig. 4: Branching ratios of the second
lightest neutralino in the majoron-model. We
have takenM2 = 170 GeV, hν33 = 0.01, vR =
100 GeV, vL = 10
−5 GeV and tanβ = 2.
The curves correspond to the following tran-
sitions: into χ˜01Z
(∗), ◦ into ντZ, △ into
ντJ and • into τW . The shaded area will be
covered by LEP2.
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Fig. 5: Branching ratios of the second light-
est neutralino in the ǫ-model. We have taken
M2 = 170 GeV, ǫ = 1 GeV and tan β = 2.
The curves correspond to the following tran-
sitions: into χ˜01Z
(∗), ◦ into ντZ, and • into
τW . The shaded area will be covered by
LEP2.
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Fig. 6: Branching ratios of the lightest chargino in the majoron-model. We have taken
M2 = 170 GeV, hν33 = 0.01, vR = 100 GeV, vL = 10
−5 GeV, a) tanβ = 2 and b) tanβ = 30.
The curves correspond to the following transitions: into χ˜01W
(∗), △ into τJ and • into ντW .
The shaded area will be covered by LEP2.
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Fig. 7: Multi-lepton signals (summed over electrons and muons) for tanβ = 2, with other
parameters chosen as described before. We show a) the 3-lepton, b) the 4-lepton, c) the 5-
lepton and d) the 6-lepton signal for the MSSM (full line), the majoron-model (dashed line)
and the ǫ-model (dashed-dotted line). The shaded area will be covered by LEP2.
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Fig. 8: Multi-lepton signals (summed over electrons and muons) for tan β = 30 with other
parameters chosen as described before. We show a) the 3-lepton, b) the 4-lepton, c) the 5-
lepton and d) the 6-lepton signal for the MSSM (full line), the majoron-model (dashed line)
and the ǫ-model (dashed dotted line). The shaded area will be covered by LEP2.
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Fig. 9: The same-sign dilepton signal (summed over electrons and muons) for a) tanβ = 2
and b) tan β = 30 with other parameters chosen as described before. We show situation for
the MSSM (full line), the majoron-model (dashed line) and the ǫ-model (dashed dotted line).
The shaded area will be covered by LEP2.
A Squark Couplings
To get the couplings of the squarks to neutralinos (charginos) and quarks of [18] in
the notation used in this paper one has to do the following replacements: Uj1 →
Uj+3,5, Uj2 → Uj+3,4, Vj1 → Vj+3,5, Vj2 → Vj+3,4, Nj1 → Nj+3,7 cos θW + Nj+3,6 sin θW ,
Nj2 → −Nj+3,7 sin θW + Nj+3,6 cos θW , Nj3 → Nj+3,5 cosβ − Nj+3,4 sin β and Nj4 →
Nj+3,5 sin β +Nj+3,4 cosβ.
B Neutralino and Chargino Widths
Here we collect all the expressions for neutralino and chargino widths. The decay
widths of the two body decays into gauge bosons have the generic form
Γ(χ˜i → χ˜j + V ) =
g2
√
λ(m2i , m
2
j , m
2
V )
16π cos2 θW m3i
[
(d2L + d
2
R)fV (m
2
i , m
2
j , m
2
V ) (17)
−6dLdRǫiǫjmimj
]
(18)
with
λ(x, y, z) = (x− y − z)2 − 4yz (19)
and
fV (x, y, z) =
(x− y)2 − 2z2 + xz + yz
2z
. (20)
The corresponding couplings dL, dR are given in the table.
For neutralinos, the first three R-parity conserving widths that appear in (11)
are given by [16]
Γχ˜0
i
→χ˜0
j
ff¯ = 8(v
2
f + a
2
f )Γ
3b(Mχ˜0
i
, χ˜0j ,MZ , O
′′
L4j, O
′′
R4j) (21)
and the last three R-parity breaking neutralino widths, which are given in [22], have
the generic form
Γχ˜0
i
→νjff¯
= Γ3b′(Mi, O
′′
L, O
′′
R, O
′
R, O
′
L, KL, KR) (22)
For the Majoron model the width of eq. (12) is given by
Γχ˜0
i
→χ˜0
j
J =
1
16π
mi
(
1− m
2
j
m2i
)
O2L
(
1 +
m2j
m2i
− 2ǫiǫjmj
mi
)
(23)
For the lightest chargino, we have the following expressions for the three body
decays given in eq. (16):
Γχ˜+
1
→χ˜0
j
ud¯ = Γ
3b(Mχ˜+ ,Mχ˜0
j
,MW , KL44, KR44) (24)
Γχ˜+
1
→χ˜0
j
νkl
+
k
= Γ3b′′(Mχ˜+
1
,Mχ˜0
j
,MW , KL4j, KR4j) (25)
conserving R-parity and
Γχ˜+
1
→l+
j
ff¯ = 8(v
2
f + a
2
f )Γ
3b(Mχ˜+ , 0,MZ , O
′
L4j, O
′
R4j) (26)
Γχ˜+
1
→ν¯jud¯
= Γ3b(Mχ˜+ , 0,MW , KL4j, KR4j) (27)
Γχ˜+
1
→ν¯jνkl
+
k
= Γ3b′(Mχ˜+ , KL4j, KR4j , O
′
L4j, O
′
R4j) (28)
for the R-parity-breaking decays. The expressions of Γ3b and Γ3b′ are presented in [16].
Γ3b′′ is given by
Γ3b′′(mi, mj , mb, dL, dR) =
e4 mi
256 π3 sin4 θW β4
(d2L + d
2
R) f1(β
2 − δ2)
+ 2 dL dR β δ f2(β
2 − δ2) (29)
with
f1(x) = −x
3
6
− x
2
2
+ x+ (1− x) ln(1− x) (30)
f2(x) = 2x+ (2− x) ln(1− x) (31)
and β = mi
mb
; δ =
mj
mb
. The couplings O′′, O′ and K are the same as in the table.
In the majoron model, the width for eq. (15) is given by
Γχ˜+
1
→l+
j
J =
1
32
mχ˜+
1
(C2Lj4 + C
2
Rj4) (32)
with
CLj4 =
vR√
2V
3∑
k=1
hνk3η4U4kVj4, CRj4 =
vR√
2V
3∑
k=1
hνk3ηjUjkV44 . (33)
χ˜0i → χ˜0j + Z0 dL 1cos θW O′′Lij = 12 cos θW
[
Ni4Nj4 −Ni5Nj5 −∑3m=1NimNjm]
dR
1
cos θW
O′′Rij = − 1cos θW O′′Lij
χ˜0i → χ˜+j +W− dL KLji = ηj
[
−√2Uj5Ni6 − Uj4Ni5 −∑3m=1 UjmNim]
dR KRji = ǫi
[
−√2Vj5Ni6 + Vj4Ni4
]
χ˜+i → χ˜0j +W+ dL KLij
dR KRij
χ˜+i → χ˜+j + Z0 dL O′Lij = 12Ui4Uj4 + Ui5Uj5 + 12
∑3
m=1 UimUjm − δij sin2 θW
dR O
′
Rij =
1
2
Vi4Vj4 + Vi5Vj5 − δij sin2 θW
Table 2: Couplings for neutralino and chargino Charged and Neutral Current decays.
References
[*] E-mail: bartl@pap.univie.ac.at
[†] E-mail: porod@pap.univie.ac.at
[‡] E-mail: fernando@axp.ift.unesp.br
[§] E-mail: miguel@flamenco.ific.uv.es
[¶] E-mail: magro@flamenco.ific.uv.es
[⋄] E-mail: valle@flamenco.ific.uv.es
[♭] E-mail: majer@qhepul.oeaw.ac.at
[1] A. Bartl, J. Soderqvist et al., Proc. of the Worshop on New Directions for High
Energy Physics, Snowmass, Colorado, 1996; F. Pauss, Proc. of the ECFA Large
Hadron Collider Workshop, Aachen, 1990, Vol. I, p. 118, CERN90-10, ECFA90-
133, eds. G. Jarlskog, D. Rein; Report of the Supersymmetry working group,
ibidem, Vol. II, p. 606; H. Baer, C.-H. Chen, F. Paige, X. Tata, Phys. Rev. D52
(1995) 2746; Phys. Rev. D53 (1996) 6241
[2] M. Guchait, D.P. Roy, Phys. Rev. D52 (1995) 133; H. Baer, C.-H. Chen, F.
Paige, X. Tata, Phys. Rev. D52 (1995) 2746; Phys. Rev. D53 (1996) 6241;
H. Baer, X. Tata, J. Woodside, FSU-HEP-951215,UCD-95-45,UH-511-837-95;
Phys. Rev. D52 (1995) 2746; Phys. Rev. D45 (1992) 142; A. Bartl, W. Ma-
jerotto, B. Mo¨sslacher, N. Oshimo, Z. Phys. C 52, 477 (1991); R.M. Barnett,
J.F. Gunion, H.E. Haber, Phys. Rev. Lett. 60 (1988) 401, Phys. Rev. D37 (1988)
1892
[3] H.P. Nilles, Phys. Rep. 110 (1984) 1; H. Haber and G. Kane, Phys. Rep. 117
(1985) 75
[4] P. Bine´truy et al., Proc. of the ECFA Large Hadron Collider Workshop, Aachen,
1990, Vol. II, p. 666, CERN90-10, ECFA90-133, eds. G. Jarlskog, D. Rein;
H. Dreiner, G.G. Ross, Nucl. Phys. B377 (1992) 571; H. Dreiner, M. Gua-
chit, D.P. Roy, Phys. Rev. D49 (1994) 3270; H. Baer, C.H. Chen, X. Tata,
hep-ph/9608221
[5] For a recent review see J.W.F. Valle, in Physics Beyond the Standard Model, AIP
Conference Proceedings 359, p.42-147, ed. by J. C. D’Olivo, A. Fernandez and
M. A. Perez, hep-ph/9603307; see also Nucl. Phys. B (Proc. Suppl.) 31 (1993)
221-232.
[6] L. Hall, M. Suzuki, Nucl. Phys. B231 (1984) 419; S. Dimopoulos, L.J. Hall, Phys.
Lett. 207B (1988) 210; E. Ma, D. Ng, Phys. Rev. D41 (1990) 1005; V. Barger,
G.F. Giudice, T. Han, Phys. Rev. D40 (1989) 2987; T. Banks, Y. Grossman,
E. Nardi, Y. Nir, Phys. Rev. D52 (1995) 5319; M. Nowakowski, A. Pilaftsis, hep-
ph/9508271; G. Bhattacharyya, D. Choudhury, K. Sridhar, Phys. Lett. B349
(1995) 118; B. de Carlos, P.L. White, OUTP-96-01P
[7] V. Berezinsky, A. Joshipura, J.W.F. Valle, hep-ph/9608307
[8] C.S. Aulakh, R.N. Mohapatra, Phys. Lett. B119 (1982) 136; G.G. Ross,
J.W.F. Valle, Phys. Lett. 151B (1985) 375; J. Ellis, G. Gelmini, C. Jarl-
skog, G.G. Ross, J.W.F. Valle, Phys. Lett. 150B (1985) 142; A. Santamaria,
J.W.F. Valle, Phys. Lett. 195B (1987) 423; Phys. Rev. D39 (1989) 1780; Phys.
Rev. Lett. 60 (1988) 397
[9] A. Masiero, J.W.F. Valle, Phys. Lett. B251 (1990) 273; J.C. Roma˜o, C.A. San-
tos, J.W.F. Valle, Phys. Lett. B288 (1992) 311; J.C. Roma˜o, A. Ioannissyan,
J.W.F. Valle, hep-ph/9607401; Phys. Rev. D (19) .
[10] G. Giudice, A. Masiero, M. Pietroni, A. Riotto, Nucl. Phys. B396 (1993) 243;
M. Shiraishi, I. Umemura, K. Yamamoto, Phys. Lett. B313 (1993) 89; see also
I. Umemura, K. Yamamoto, Nucl. Phys. B423 (1994) 405
[11] P. Nogueira, J.C. Roma˜o, J.W.F. Valle, Phys. Lett. B251 (1990) 142
[12] J.W.F. Valle, Phys. Lett. B196 (1987) 157
[13] R. Barbieri, L. Hall, Phys. Lett. B238 (1990) 86; M.C. Gonzalez-Garc´ıa,
J. W. F. Valle, Nucl. Phys. B355 (1991) 330; J. Roma˜o, J. Rosiek, J.W.F. Valle,
Phys. Lett. B351 (1995) 497; J.C. Roma˜o, N. Rius, J.W.F. Valle, Nucl. Phys.
B363 (1991) 369; J.C. Roma˜o, J.W.F. Valle, Phys. Lett. B272 (1991) 436; Nucl.
Phys. B381 (1992) 87
[14] V. Berezinskii, J.W.F. Valle, Phys. Lett. B318 (1993) 360
[15] F. de Campos, M.A. Garc´ıa-Jaren˜o, A. Joshipura, J. Rosiek, J.W.F. Valle, Nucl.
Phys. B451 (1995) 3; H. Hempfling, MPI-PhT/95-59
[16] M.C. Gonzalez-Garc´ıa, J.C. Roma˜o, J.W.F. Valle, Nucl. Phys. B391 (1993) 100
[17] S. Dawson, E. Eichten, C. Quigg, Phys. Rev. D31 (1985) 1581
[18] A. Bartl et al, Phys. Rev. D 43 (1991) 2214; A. Bartl, W. Majerotto, W. Porod,
Z. Phys. C 64, 499 (1994), erratum Z. Phys. C 68, 518 (1995)
[19] See, for example, M. Carena, M. Olechowski, S. Pokorski, C.E.M. Wagner, Nucl.
Phys. B426 (1994) 269-300
[20] J. E. Kim, Phys. Rep. 150 (1987) 1; G. Raffelt, Stars al Laboratories for Funda-
mental Physics, The University of Chicago Press, 1996.
[21] J.-F. Grivaz, Rapporteur Talk, International Europhysics Conference on High En-
ergy Physics, Brussels, 1995; ALEPH collaboration, Phys. Lett. B373 (1996) 246;
H. Nowak and A. Sopczak, L3 Note 1887, Jan. 1996; S. Asai and S. Komamiya,
OPAL Physics Note PN-205, Feb. 1996
[22] J.C. Roma˜o, F. de Campos, M.A. Garc´ıa-Jaren˜o, M.B. Magro, J. W. F. Valle,
Nucl. Phys. B482 (1996) 3 [hep-ph/9604244]
[23] R. Adhikari, B. Mukhopadhyay, Phys. Lett. B378 (1996) 342; erratum Phys.
Lett. B384 (1996) 492
[24] F. de Campos et al, in preparation.
[25] D0 collaboration, Phys. Rev. Lett. 75 (1995) 618; and references therein, CDF
collaboration, Phys. Rev. Lett. 69 (1992) 3439; UA2 collaboration, Phys. Lett.
B235 (1990) 363
